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Background: In a longitudinal birth cohort study of inner-city mothelsand children (Columbia 
Center for Children's Environmental Health), we have previously reported that prenatal expa;ure 
to chlorpyrifa; ( CPF) was associated with neurodevelopmental problems at 3 years>f age. 
o Bj!ctive : The goal of the study was to estimate the relationship between prenatal CPF expa;ure 
and neurodevelopment among cohort children at 7 years>f age. 

Methods: In a sample of 265 children, participan1s in a prospective study of air pollution, we 
measured prenatal CPF expa;ure using umbilical cord blood plasma (picograms/gram plasma) 
and 7 -year neurodelleloprnent using the Wechsler Intelligence Scale for Children, 4th edition 
(WISC-IV). Linear regrE!93ion models were used to estimate associations, with covariate selection 
based on two alternate appr<B:hes. 

r esu 1 ts: On average, for each standard deviation increase in CPF expa;ure (4.61 pg/g), Full .scale 
intelligence quotient (I Q) declined 17f 1.4% and Working Memory declined l7f 2.8%. Final covari­
ate; included maternal educational level, maternal I Q, and quality of the horne environment. We 
found no significant interactions between CPF and any covariates, including the other chemical 
expa;ures measured during the prenatal period (environmental tobacco smoke and polycyclic aro -
matic hydrocarbons). 

cone 1 usions: We report evidence of defici1s in Working Memory Index and Full-8cale IQ as a 
function of prenatal CPF expa;ure at 7 yecusof age. These findings are important in light of con­
tinued widespread use of CPF in agricultural settings and pa&ble longer-term educational implica 
tions of early cognitive deficits. 
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Each year, thousands of ne.rv chemicals are 
rela:Eed in the United StatES, with very little 
documentation about potential long-term 
human health risks (Landrigan et al. 2002). 
First registered in 1965 for ~ricultural and 
pest control purpoxs, chlorpyrifos ( CPF; 
0,0-diethyl-0-3,5,6-trichloro-2-pyridyl phos­
phorothicete) is a brcad-sp:ctrum, chlorinated 
organophosphate (OP) insecticide. Before 
regulatory cdion by the U.S. Environrrental 
Protection A~ncy (EPA) to phcre out resi -
dential t.re b=ginning in 2000, CPF applica­
tionswere particularly hEavy in urban ara:s, 
where theexpcred populations included preg­
nant worren (Berkowitzet al. 2003; Whyatt 
et al. 2002, 2003). In as:mple of pregnant 
women in Ne.N York City (Fereraet al. 2002) 
detectable levels of CPF ~J~..ere found in 99.7% 
of personal air s:mpiES, 1 00% of indoor air 
s:mpiES, and 64-70% of blood s:mpiEscol -
lected from umbilical cord plasma at delivery 
(Whyatt et al. 2002). 

Early concerns about the possible neuro­
toxicity of OP ins:cticidES for humans derived 
from rodent studiES showing that prenatal 
and early postnatal exposures to CPF ~J~..ere 
CffiOCiated with neurodevelop rrental deficits, 
and ttee effects hate bEen s:en at exposure 
levels ~J~..ell below the threshold for systemic 
toxicity cat.red by choline;tercre inhibition 

in the brain (e.g., Slotkin and ~idler 2005). 
Evidence hcsax:umulated over the pa:;t ciErncle 
showing that noncholinergic rnEdlanisTs may 
play a role in the neurotoxic effects of CPF 
exposure in rodents, involving disruption of 
neural cell developrrent, neurotransmitter sys­
tem; (Aidri~et al. 2005; Slotkin 2004), and 
synaptic formation in different brain regions 
(Qiaoet al. 2003). Such develop mental dis­
ruptions hate bEen a:rociated with later tunc -
tional impairrrents in learning, short-term 
working memory, and long-term reference 
rremory (Le.ti n et al. 2002). 

In humans, OFS have bEen detected in 
amnionic fluid (Bradman et al. 2003) and 
are kna.rvn to crcs:; the pla:enta (Richardron 
1995; Whyatt et al. 2005), posing a threat 
to the unborn child during a period of rapid 
brain development. Using urinary metabo­
lites a=; the biomarker of exposure, reveral 
different birth cohort studiES have reported 
that prenatal maternal nonspecific OPexpo­
surewcscssociated with abnormal neonatal 
reflexes (Engel et al. 2007; Young et al. 
2005), mental deficits and pervasive develop­
ment disorder at 2 years (Eskenazi et al. 
2007), and attention problem behaviors and 
a composite attention-deficit/hypercctivity 
disorder indicator at 5 years of ~ (Marks 
etal. 2010). 

Using a different biomarker of exposure 
(the parent compound of CPF in umbilical 
cord plcsma), 'v\€ have previously reported 
(in the same cohort cs the pre::ent study) 
significant associations between prenatal 
exposure to CPF ( > 6.17 pg/g) and reduced 
birth ~J~..eight and birth length (Whyatt et al. 
2004), increcred risk of small size forges­
tational ~ (Rauh V, Whyatt R, Perera F, 
unpublished data), increcred risk of rrental 
and motor delay(< 80 points) and 3.5- to 
6-point adjusted mean decrerrents on the 
3-year Bayley ScalES of Infant Developrrent 
(Rauh et al. 2006), and e.tidence of incra:s:d 
problems related to attention, attention 
deficit hyperactivity disorder, and pervcsive 
developrrental disorder cs rna:sured by the 
Child Behavior Checklist at 2-3 years (Rauh 
etal. 2006). Taken t~ther, the:epr~tive 
cohort studiES show a consistent pattern of 
early cognitive and behavioral deficits related 
to prenatal OPexposure, ceres:; both ~ricul­
tural and urban populations, using different 
biomarkers of prenatal exposure. 

We undertook the p~eent study to iden­
tify the developrrental conrequence; of pre­
natal exposure to CPF in a s:mple of Ne.N 
York City children at 7 years of~- Given 
the mechanisms proposed in the rodent 
literature, and early findings from pr~ -
tive human studiES involving nonspecific OP 
exposures, we hypothesized that prenatal 
exposure to CPF would be associated with 
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neurodevelopmental deficits persisting into 
the early school years, when more refined 
neurop:;ychological tEStsareatailcble to iden­
tify particular functional impairments. 

Materials and Methods 
Participants and tECruitment. The subjects 
for this report are participants in an ongoing 
prcspective cohort study (Columbia Center 
for Children's Environmental Health) of 
inner-city mothers and their ne.Nborn infants 
(Perera et al. 2002). The cohort study wcs 
initiated in 1997 to evaluate the effects of 
prenatal expcsures to ambient pollutants on 
birth outcome; and neurocogniti've de.telop -
ment in a cohort of mothers and ne.Nborns 
from low-incomecommunitiES in NeNYork 
City. Nonsmoking women (cla:Eified by relf­
report and validated by blood cotinine le.tels 
< 15 ng/ml), 18--35 yearsof~, whorelf­
identified csAfrican American or Dominican 
and who registered at Ne.N York Pre::byterian 
Medical Center or Harlem Hcspital prenatal 
clinics by the 20th VVEek of pregnancy, rere 
apprca;hed for conrent. Eligible women \l\€re 

frre of diabetES, hypertension, known H IV, 
and documented drug abureand had resided 
in the afffi for at la:st 1 )€Sr. The study wcs 
approved by the Institutional Revie.N Board 
of Columbia University. Informed conrent 
wcsobtained from all participating mothers, 
and informed csrent wcs obtained from all 
children csrell, starting at 7 yearsof~. 

Of 725 conrenti ng women, 535 \l\€re ccti've 
participants in the ongoing cohort study at the 
time of this report, and 265 of their children 
had ra:ched the~ of 7 )€8IS with complete 
data on the following: a) prenatal maternal 
intervie.N data, b) biomarkers of prenatal CPF 
exposure level from maternal and/or cord 
blood s:rnpiEs at del i'very , c) postnatal covari­
ates, and d) neurode..€1opmental outCOmES. 

Maternal interview and assessment. 
A45-min qUEStionnairewcsadministered 
to each woman in her home by a trained 
bilingual intervie\l'ver during the third tri -
mESter of pregnancy and annually thefffifter. 
From the intervie.rvsand medical records, the 
following sociodemographic and biomedi­
cal variablES, among others, rere available: 
rcre/ethnicity, infant rex, hourehold income, 
maternal ~' maternal completed years of 
education at child's~ 7 )€SIS, birth reight, 
gestational~' and relf-reported maternal 
exposure to environ mental tobacco smoke 
(ETS) during pregnancy. 

WernEE6Ured maternal non\erbal intelli­
~nce by the TESt of Non\erbal I ntell i~nre, 
3rd edition (TON 1-3) (Brown et al. 1997), a 
15-min lang~frEerre:sureofg:reral intelli­
~,a::lministered when trechild \1\€63 )€8IS 
of~· Tre quality of trecare-taking environ­
ment \1\€6 rre:sured by tre Home Ol::rervation 
for MESSUrarent oftreEnvironment (HOME) 

in'ventory when the child wcs 3 years of~ 
(Cald\1\€11 and Bradley 1979) to C'SS:$ physi -
cal and intercctive home charc:cteristics. Tre 
mother report version of tre Child Behavior 
ChEcklist for cg:s 6-18 )€81S, a rei I-vai idated 
rnEE6Ureof child tehavior problems occurring 
in the preceding 2 months (Acrenbcch and 
Re:rorla 2001 ), wcsa::lministered at 7 )€81Sa5 
part of tre larg:r cohort study. 

BiolcgimlsaTplesandpesticideeq:o;ure. 
As:rnple of umbilical cord blood (30--60 ml) 
wa:; collected at delivery, and a sample of 
maternal blood (30-35 ml) wa:; collected 
within 2 days postpartum by hcspital staff. 
Portions rere rent to the Centers for D is:a:e 
Control and Prevention (Atlanta, GA) for 
analy.sis of CPF in plasma, cs Vlell csla:d and 
cotinine, d:!:cribed in detail erewhere ( Perera 
et al. 2002; Whyatt et al. 2003). Methods for 
tre laboratory Cf£a! for CPF, including quality 
control, reproducibi I ity, and I imits of detec­
tion (LODs), ha'vealso b:en previously pub­
I isred (Barr et al. 2002 ). In c:axs where the 
umbi I ical cord blood s:rnple \1\€6 not collEcted 
(12% of subjects), motrers' vaiUES\I\€resub­
stituted, using a formula previously derived 
from regre:Eion analy.xs (Whyatt et al. 2005). 
Ps previously reported, maternal and umbilical 
cord blood CPF oonrentrationsreresimilar 
(arithrretic I'Tffii1S ± SDs of 3.9 ± 4.8 pg/g for 
maternal blood and 3.7 ± 5.7 pg/g for cord 
blood) (Whyatt et al. 2005), and CPF le\els 
in paired maternal and umbilical cord plasma 
samples were highly correlated ( r = 0.76; 
p < 0.001, Spearman's rank), indicating that 
CPF wcs Jffidily transferred from mother to 
fetus during pregnancy. Prenatal blood lead 
le'vels \f\ere available for a subret of children 
(n = 89). ETSexposure, rre:sured by maternal 
relf-report, wcsvalidated by ootinine levels in 
umbilical cord blood, a:; dEScribed in detail 
elrewhere (Rauh et al. 2004 ). We rnEE6Ured 
polycyclic aromatic hydrocarbon (PAH) expo­
sure by personal air monitoring during the 
third trimESter, using a previously dEScribed 
method, and excluding poor-qualitys:rnpiES 
(Pereraet al. 2003). Ps previously dEScribed 
(Perera et al. 2003 ), recomputed a compa;ite 
log-transformed PAH variable from the eight 
correlated PAH air concentration measures 
(r-vaiUES ranging from 0.34to 0.94; all p-vaiUES 
< 0.001 by Spearman's rank). 

In the larger cohort study,> 40% of 
CPF expcsurevaiUES for combined mater -
nal and umbilical cord blood samplES were 
relow the LO D. Using a method suggested 
by Richardson and Ciampi (2003), re ma::le 
a distributional CH>Umption for treexposure 
variable (log-normal CPF), computed the 
e~ted valueoftreexposure(E) for all non­
detects [E(X/X < LOD)], and assigned this 
value to all nondetects. 

Measures of neutodfNelopment. For the 
?-year a:a:sgnent, werelected the Wechsler 
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lntelli~nce&:ale for Children , 4th edition 
(WISC-IV), OO::aure of its revired structure 
ba::ed on the latESt res:arch in neurocognitive 
models of information prOCES5ing (Wechsler 
2003). The WISC-IV is rensitive to low­
dare neurotoxic expcsures, a:; demonstrated 
by studiES of lead toxicity in 6- to 7.5-year­
old children (Chiodoet al. 2004; Juskoet al. 
2008; Rothenrerg and Rothenrerg 2005). 
The instrument rnEE6Uresfour ara:s of mental 
functioning that area:EOCiated with, but dis­
tinct from, o\erall intelligence quotient ( IQ) 
and isrensiti've to cognitive deficits related to 
learning and working memory, which have 
bEen linked to CPF exposure in rodent stud­
iES (e.g., Le.tin etal. 2002). Ecch standardi2ed 
s::ale hcsa mean of 100 and SD of 15. The 
Verbal Comprehension Index is a measure 
of verbal concept formation, a good predic­
tor of school Jffidiness ( Hecht et al. 2000; 
Wechsler 2003); the Perceptual Reasoning 
Index rnEE6Ures non\erbal and fluid ra:son­
ing; treWorking Memory lndexa:a:ss:schi~ 
dren'sability to memorize neN information, 
hold it in short-term memory, concentrate, 
and manipulate information; the PrOCES5ing 
Sp:a:J Index a:a:ss:s abi I ity to focus attention 
and quicklys::an, discriminate, and requen­
tially order visual information; and tre Full­
Scale IQ s::nrecombine; the four composite 
indio:s. Tre General Ability lndexs::nre is a 
summary s::nre of ~neral i ntell i~nce, simi -
lar to Full-Scale IQ, but excludEScontribu -
tions from both Working Memory Index and 
Processing Speed Index (Wechsler 2003). 
WISC-IV s::nresmay re influenced by socio­
economic bcckground and/or child tehavior 
problem; particularly there related to anxiety 
(WEdlsler 2003). 

Data analysis. We conducted all 
analyses using the statistical program R 
(R Development Core Team 2010). We 
treated CPF expcsure level (picograms per 
gram) a:; a continuous variable. We natural 
log (In) transformed treWISC-IV Composite 
Index s::nres to stabi I ize the variance and to 
impro\e tre I i 11El3r model fit, l::aEd on regre:; -
sion dicgnostics. Unadjusted correlation analy­
s:s rere ured to explore a:EOCiations ret\11/Een 
CPF exposure and WISC-IV s::nre:;. We con -
structed smoothed cubic ~I ine; to explore tre 
shape of tre functional relationship:; ret\11/Een 
CPF exposure and e:d1 of tre log-transformed 
WISC-IV indices. We compared the mod­
els in which CPF is entered a:; a single con -
tinuousoutcomewith there in which CPF is 
modeled using B-spline;, using tre Davidson­
MccKinnon J.tESt for comparing nonnESted 
models (Davidson and MccKinnon 1981 ). 

Demographic, biomedical, and chemi­
cal exposure variablES collECted for tre larger 
cohort study rereatailcble for pcssible inclu­
sion in tre pre:ent analysis. We ured two dif­
ferent approcchES for covariate re!Ection and 
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model fitting, for the purpa:e of determi n -
i ng the robustnESS of our rESU Its with respect 
to alternate methods. Covariates were ini­
tially relected ba::ecl on prior I iterature and 
retained in the models if a:rociated with 
either CPF exposure or the WISC-IV s::ales 
(p< 0.10 in univariateanal'f-ES). Multiple 
I i nEEr regression wcs ured to test the effects 
of prenatal CPF exposure on each 7 -year 
WISC-IV Index. We examined residuals for 
normality and homcs::eda5ticity and detected 
no problems. In addition, we employed the 
la:st absoluteshrink~and relection opera­
tor (LASSO),ashrin~withrelection pro­
cedure that provides a more parsimonious 
approach to covariate relection and model 
fitting (Houweling:m 2001; Tibshirani 1996). 
This method minimizes the usual sum of 
squared errors, with a bound on the sum of 
the absolute values of the ccefficients, thereby 
shrinking very unstable estimatES toward :zero, 
excluding redundant/irrelevant covariates, and 
avoiding overfitting (Zhco and Yu 2006). We 
ured Sobel's indirect test to Cl3XS5 the influ­
enceofchild behaviorson theestimatesof 
CPF effect (MacKinnon et al. 2002; Sobel 
1982). We ured Sobel's indirect tESt to cm:ss 
mediation (MacKinnon et al. 2002; Sobel 
1982). lntercction terms including CPF and 
a:ch additional covariate were tESted in the 
models. Effect estimates, 95% confidence 
intervals (Cis), and p-values were calculated 

for all analytic procedures. RESUlts were con -
sidered significant atp < 0.05. 

Results 
The retention rate for the full cohort wcs 82% 
at the 7-yesr follow-up, with no significant 
sociodemographic differenres bet\f\/Een sub­
jects retained in the study and there lest to 
follow-up (data not shown). Table1 listschar­
acteristics of the study sample with complete 
data on all variablES (n = 265). Study familiES 
were predominantly low income, with 31% 
of mothers failing to complete high ~hool by 
child's~ 7 yesrs, and 66% never married. 
Thesamplewcslargely full term (only 4% 
of children in the sample were< 37 \f\/Eeks 
g:stational ~at delivery) and included very 
feN low-birth-weight infants becaure a) we 
excluded high-risk pregnancies from the study 
cohort, and b) the timing of air monitoring in 
the third trimESter of pregnancy eliminated 
EErly deliveriES. 

CPF exposure levels ranged from non­
detectable to 63 pg/g. We imputed exposure 
levels in participants with nondetectable CPF 
(n = 115, 43%) according to ass3y-specific 
LOD values, with 93 subjects having LOD 
equal to 0.5 pg/g and 22 subjects having 
LOD a:Jual to 1 pg/g. 

Correlation ana/yss for expa;ures and 
cognitiveoutcomes. Unadjusted correla­
tions betwren prenatal CPF expcsure and 

Table 1. Demographic characteristics of the sample at 7-year follow-up (n = 265). 

Olaracteristic n (%)or mean± SJ (range) 

1-trne quality" 40.23 ± 4.81 (23--52) 
lrrore 
< $20,000 138 (52) 
;;:: $20,000 127 (48) 

Matemal educatiorf 
Years 
<High school degree 
High school degree 
Matemal Q' 

Matemal race/ethnicitf 
Daninican 
African American 

Marital status 
Never married 
Bier married 

Olildsex 
Male 
Female 

Gestational age (weel<s) 
Birth weight (g) 
Olild age at testing (months) 
Prenatal chemical exposures 

ETS" 
Exposed 
Not exposed 

Cotinine (ng/rrl..f 
Lead(j.Jg/dlf 
CFF(pg/gf 
P.AHs (ng/rrilp 

12.22 ± 2.58 (1-20) 
82(31) 
183(69) 

85.97 ± 13.46 (60--135) 

146(55) 
119(45) 

175(66) 
90(34) 

117(44) 
148(56) 

39.3± 1.5(30-43) 
3389.8 ± 493.5 (1 ,295--5, 110) 
85.97 ± 2.65 (74.90-101.5) 

93(35) 
172(65) 

0.25 ± 0.92 (0.01-S.78) 
1.09 ±.88 (0.15-7.45) 
3.17 ±4.61 (0.09--32) 

3.37 ± 3.51 (0.50--36.5) 

•As measured by the HOME inventory. tcompleted years of education at child's age 7 years. cAs measured by 1DNI-3. 
<~Self-reported race/ethnicity (African American= 1; Dominican= 0). "Self-reported ever exposed to secondhand smoke 
in pregnancy (yes= 1; no= 2). 'rv1easured in cord blood. YMeasured by personal air sampling. 

log-transforrred WISC-IV Composite lndio:s 
(Verbal Comprehension, Working Memory, 
PrOCESSing~. and Ferreptual Ra:roning), 
and Full-Scale IQ shOIJ\€CI significant inverre 
a:rociations betwren CPF exposure and 
a) Working Memory (r= --0.21, p = < 0.0001) 
and b) Fuii-S:ale IQ (r= --0.13, p= 0.02). We 
obrerved a \/\lEEk inverre correlation bet\f\/Een 
CPF and Perceptual Ra:soning ( r = --0.09, 
p=0.09), while<m:dationsofCPFwith Verbal 
Comprehension (r = --0.04) and Proa:ssing 
~ (r= --0.01) had p-values > 0.05. 

Umbilical cord lead was not signifi -
cantly correlated with CPF level ( r = --0.08, 
p = 0.49) or WISC-IV scores (all p-values 
> 0.05) among the 89 children with IEEd data 
available. LEEd wcs not significantly correlated 
with CPF level (r = --0.08, p = 0.49, cs previ­
ously reported by Rauh et al. 2006) or with 
7-yesr WISC-IV scores (all p-values> 0.05) 
among the 89 children with available data. 
To avoid excluding obrervationswithout IEEd 
data, we did not include IEEdcsacovariate in 
regrESSion models. ETSand (to a lererextent) 
PAH were correlated with CPF (SpEErman 
coefficients: 0.113, p = 0.01, and 0.07, 
p = 0.09, respectively) but were not signifi -
cantly correlated (using the Mann-Whitney 
tESt for the dichotomous ETS variable) with 
any WISC-IV index (ccefficients ranged from 
--0.02 to 0.03, and p-values ranged from 0.39 
to 0.87). Birth weight wcs not significantly 
cssociated with any of the WISC-IV indio:s 
(all p-values> 0.05)and wcs not included in 
the final models. 

Spline nge;ia1 ana/}Eis. Examination of 
thesmoothed cubic spline regression cuM:S, 
superimpa:ed over~terplots, indicatESsubtle 
differeno:s in shape of tre functions (Figure1 ). 
The log-transforrred Working Memory Index 
and Full-Scale IQ app:ar to be approximately 
linEEr, whera:s the otrer functionsshowrorre 
curvatureccrossexposure levels, with sparre 
obrervations at the highest exposures. Using 
the Davidson-MccKinnon test for compari­
son of non-nested models (Davidson and 
MccKinnon 1981), we compared models in 
which CPF wcsentered csasinglecontinu­
ousoutcomewith there in which CPF wcs 
modeled using B-splines. We failed to reject 
the null hypothESis that the model with CPF 
csa continuous ma:sure isadffjuatecgainst 
the alternative that the model with CPF 
modeled using splines provided a better fit 
for ecch WISC-IV Index ( p-values: Verbal 
Comprehension Index= 0.07, Perceptual 
Ra:soning Index= 0.08, Proo:ssing SpEed 
lndex=0.59, Working Memory lndex=0.40, 
and Full-Scale IQ = 0.08). 

Estimationoflirmrtmdels. Table 2 lists 
the estimated B-coefficients, 95% Cis, and 
p-values for the exposure variable and cova­
riates for the bESt-fitting linEEr regrESSion 
models predicting a:ch WISC-IV outcome. 
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Table 2 also includes the results of linear 
model re~tion using the LASSO tEChnique, 
which eliminates covariates with unstable 
estimates and results in more parsimonious 
models. Becaure the LASSO method ures 
bootstrapping to obtain standard errors, the 
coefficient of any covariate may be shrunk to 
:zero if that covariate is an unstable predictor­
that is, if its significance depends on the par­
ticularsubret of data ured in the model. The 
two apprcafles yielded very similar estimates 
of CPF effect. Difference; in estimates for the 
covariates in the two methods sugJ:St that the 
contribution ofsomecovariates to WISC-IV 
scores may be less stable. Resu Its for both 
apprcaflesshow that, on ave~, a 1 -pg/g 
incra:re in CPF iscssociated with a clecre:re 
of -0.006 points in the log-transformed 
Working Memory score and a decrea:e of 
--0.003 points in the log-transformed Fuii­
S:ale I Q score. Becau:e of the log transforma 
tion, estimated cssociations betw:en CPF and 
actual Working Memory and Full-&::ale IQ 
scores vary acr035 the continuum of scores, 
such that the estimated deficit in the Working 
Memory score with a 1-pg/g incra:re in CPF 
ranges bet\11/een 0.35 and 0.81 points, and 
the estimated decrea:e in Full-Scale IQ is 
bet\11/een 0.20 and 0.40 points. The ~ni -
tude of the:e effects is more a:si ly understood 
by calculating the neurodeveloprnental deficit 
cssociated with an incra:re in CPF expcsure 
equal to 1 SD (4.61 pg/g). On aver~, for 
a:ch standard de.tiation incra:re in expcsure, 
Full-&::ale IQ dEclines by 1.4%and Working 
Memory declines by 2.8%. We found no sig­
nificant interactions bet\11/een CPF and any 
of the potential or final covariates, including 
the other chemical expcsures ma:sured dur­
ing the prenatal period (ETSand PAH ). Full 
model results for the linear regressions are 
provided in Supplemental Material, Table 1 
(doi:10.1289/ehp.1003160), for the reader 
who is interested in the estimates of a:rocia -
tion betw:en the covariates and outcom:s for 
all oftheWISC-IVindexs::ales. 

Sensitivity analysis of additional influ -
m:e;on Workirg Merrory Index. To deter­
mine whether the obrerved CPF effect on 
the Working Memory Index was partially 
explained by its effect on general intel -
ligence, we added the log-transformed 
General Abi I ity Index, a ~neral i ntelli~nce 
s::ale that does not include the Working 
Memory I ndex or Processing Speed I ndex, 
to the linEEr regrex;ion model. Although the 
estimate of the General Ability Index effect 
on Working Memory Index was significant 
(B-coefficient = 0.57; 95% CI,0.44--0.70; 
p < 0.001 ), the estimate of the CPF effect 
remained unchan~ (--0.006), and we found 
no evidence of interaction betw:En CPF and 
General Ability Index ( p > 0.05), sugJ:Sting 
that the Working Memory effect is tar~ted 

and does not depend upon level of ~neral 
intelli~. 

Because child performance on the 
Working Memory Index can be influenced 
by child behatior problerrs (WEChsler 2003), 
we conducted asupplerrentary analysis to rule 
out the p035ibility that the obrerved a:rocia -
tions betw:En CPF and the Working Memory 
Index might be affected by behavior prob -
lems, asma:sured by the clinically oriented 
diagnostic and statistical manual scales on 
the Child Behavior Check I ist. We found no 

W:Jrking Merrory Index 
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evidence of indi~t "mediation" using Sobel's 
test, with p-values ranging from 0.31 to 0.99 
(MacKinnon et al. 2002; Sobel1982). Full 
model results are provided in Supplemental 
Material, Table2 (doi:10.1289/ehp.1003160), 
for the reader who is interested in theesti­
mates of cssociation bet\11/een child behavior 
problerrsand Working Mernory Index. 

Sensitivity analysis of the influenre of 
LOD ifTfJUfation. After obtaining all results, 
we recomputed all estimates of a:rociation 
betw:En CPF and WISC-IV scores among 
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Figure 1. Smoothed cubic splines, superimposed over scatterplots, examining the shape of the asso -
elations between CPF exposure and (A) Working Memory Index, (B) Verbal Comprehension Index, (C) 
Perceptual Reasoning Index, (D) Processing Speed Index, and (E) Full-Scale IQ 
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subjects with detectable CPF levels only. 
Analysis with detects alone is known to give 
unbicred estimates of the pararreters of inter­
est (Little 1992). In the pre::ent scrnple, we 
ob:er\€CI no consistent differena:s in estimates 
when we excluded imputed CPF data (data 
not shown). 

Discussion 
Results of this study showed that higher pre­
natal CPF exposure, 26 rrecsured in umbili­
cal cord blood plcsma, W26 cssociated with 
decrea::es in cognitive functioning on two 
different WISC-IV indires, in a scrnple of 
urban minority children at 7 years of age. 
Sp:cifically, for each SO incra:re in exposure 
(4.61 pg/g), Full-Scale IQ declined, on a.er­
~'by 1.4% (0.94-1.8 points) and Working 
Memory Index scores declined by 2.8% 
(1.6-3.7 points). The da:eeffEct relationshir;s 
bet\NEen CPF exposure and log-transformed 
Working Memory Index and Full-Scale IQ 
s::nres are I i near acres5 the ra~ of exposures 
in the study population, with no e.tidenre for 
a threshold. Of the WISC-IV indires Lred 26 
end points, the Working Memory Index WcS 

the I11CS1: strongly CffiOCiated with CPF expo -
sure in this population. 

Although no other epidemiologic studies 
ha.eevaluated the neurotoxicity of prenatal 
CPF exposure on cognitive developrrent at 
the tirre of ochool entry , reveral prior stud -
ies, using the pre::ent biomarker of exposure, 
ha\.€ reported e.tidenre of EBrly cognitive and 
behavioral effectscssociated with a urinary 
biomarker of nonspecific OP exposure (En~l 
et al. 2007; Eskenazi et al. 2007; Young et al. 
2005). Outcomes cssociated with exposure 
in the:estudies, 26well26 in our own ear -
lier work (Rauh et al. 2006), ha.e included 
attentional problems (e.g., Marksetal. 2010). 
These prior findings are consistent with 

thepre::ent ?-year results, becauseworking 
memory ski lis involve attentional proa:s::es. 
More important, problems in working mem­
ory may interfere with reading comprehen -
sion, learning, and academic achievement, 
although ~neral intelli~nre remains in the 
normal ra~ (Blair 2006). Working rremory 
is lex; likely than full-s::ale IQ to be affECted 
by socioeconomic or cultural conditions 
(Wechsler 2003), providing a useful, more 
tar~ted rrecsure of possible neurotoxic effects 
on brain function. 

~ral different theories or modelsaddre:E 
haN working rremory operates in the human 
brain, but 111CS1:~rrethat it invol\.esasystan 
of limited attention capacity, supplerrented 
by more peripherally ba::ecl sto~ systems 
(Baddeley and Logie 1999). Sorre theories 
emph26ize the role of attentional control in 
working rremory (e.g., CONan 1999), whera:s 
othersstre:Ea multicomponent model, includ­
ing a control system of limited attentional 
CGlJCCity (the central exECUti\.econtrol systan), 
cmisted by phonological and visua:patial stor -
~systems (s:e revieN by Baddeley 2003). To 
date, I11CS1: studies of the anatomical local iza -
tion of working rremory problernsarebcred 
on clinical populations (individuals with spe­
cific brain lesions) (Vallar and ~no 2002) 
and sorre neuroil'llEging studies in small num­
bers of normal subjects (Smith and ..bnides 
1997). More refined neuror:sYchological tests 
and neuroil'llEgingstudiesare na:decl to deter­
minewhether CPF-related working rremory 
deficits are primarily auditory (part of a pho­
nologicalloop with implications for lang~ 
a;quisition) or primarily related to visuospa­
tial short-term rremory (reflecting nonverbal 
intelli~~). 

Few human studies ha\.€ focLred on pos­
sible rrechanisrns underlying neurodevelop­
rrental deficits CffiOCiated with OP exposure, 

Table 2. Estimated associations between CFr (pg/g) and log-transformed Full-Scale IQ and each of four 
Composite Index scores from the WISC-IV from LASSO• and fully adjusted b linear regression models 
(n=265). 

WJS).IV scale" B-coefficienf 95%0 p-Value 

Fuii-S::ale Q 
I..A'3S) -D.003 -D.006 to 0.001 0.064 
Fully adjusted -D.003 -D.006 to 0.000 0.048 

Working Menory Index 
I..A'3S) -D.006 -D.009 to -D.002 <0.001 
Fully adjusted -D.006 -D.010 to -D.002 0.003 

Verbal Con-prehension Index 
I..A'3S) NA.d NA NA 
Fully adjusted -D.002 -D.005 to 0.001 0.208 

Perceptual Reasoning Index 
I..A'3S) NA NA NA 
Fully adjusted -D.002 -D.006 to 0.002 0.290 

Processing Speed Index 
I..A'3S) NA NA NA 
Fully adjusted 0.001 -D.004 to 0.005 0.728 

NA, not assessed. 
"LASSO models were adjusted formatemal education, matemaiiQ, and the l-OME Inventory .lf'ully adjusted models 
were adjusted for child sex, race/ethnicity, matemal IQ, matemal education income, child age at testing (months), ErS , 
and PAH. cAll scales wereln transformed. <tPFwas not retained in the final lASSO model. 

but there ise.tidenre that certain ~tic poly 
morphisrnscan affect CPF rretabolism (e.g., 
Berkowitzet al. 2004). Such findingssugg:st 
that sorre populations may be more vulner­
able and may exhibit adverre neurodevelop­
rrental effECtsat much lower exposures than 
other populations (Berkowitz et al. 2004). 
Again, neuroil'llEging studies would be use -
ful to determine if population differenres 
in vulnerability to CPF are also reflected in 
population differenres in brain abnormalities 
CffiOCiated with exposure. 

Although behavioral alterations ob:er\€CI 
in rodents may be imperfect analogues for 
humans, they have guided human studies 
by identifying spECific deficits in locomotor 
cctivity, learning, and rremory (e.g., Aldrid~ 
et al. 2005). In I ight of experimental e.tidenre 
sum:sting that CPF effects in rodents may be 
irreversible (Siotkin 2005), it will be impor -
tant to determine how any neurocognitive 
deficitsC'ffiOCiated with prenatal CPF exposure 
might respond to trEBtrrent or early intefl.en­
tion. Here, we may benefit from studies of 
lead-€xpored children that ha\.€ demonstrated 
e.tidenre of reversals in learning deficits 26 a 
result of environrrental enrichment (Guilarte 
etal. 2003). 

Sorre limitationsofthisstudyshould be 
noted. Our sample consists of low-income, 
urban, minority children who may experience 
other unmecsured exposures or underlying 
hEBith problems that could potentially con­
found or modify CffiOCiations with pesticide 
exposure. Furthermore, in theal:renreoffirm 
mEChanistice.tidenre linking brain anomalies 
to more refined neuror:sYchological testing, 
theob:er\€CI functional deficitsat 7 years of 
~should be interpreted with caution. We 
cannot dirECtly compare our findings with the 
results from the other epiderniological studies 
that ha\.€ relied on urinary OPconrentrations 
26 the biomarker of exposure. 

In June 2000, the U.S. EPA announced 
a pha:e-out of the sale of CPF for indoor res­
idential use, with a complete ban effective 
31 DErember 2001 (U.S. EPA 2000, 2002). 
After the ban, levels of CPF in personal 
and indoor air samples in our own cohort 
decrecEed by more than 65%, and plcsma 
blood levels dropped by more than 80% 
(Whyatt et al. 2005), despite some lin~r­
ing residential residues (Whyatt et al. 2007). 
From other parts of the country, there ise.ti -
dence of continued low-dare exposures in 
children from food residues (Lu et al. 2006). 
Becat.re~ricultural use of CPF is still permit 
ted in the United States, it is important that 
we continue to monitor the levels of expo­
sure in potentially vulnerable populations, 
including pregnant women in agricultural 
communities, and evaluate the long-term 
neurodevelopmental implications of exposure 
to CPF and other OP irs:cticides. 
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